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Abstract. The presented article is studying the problem of the viscoelastic layer of the Earth
deformations under the action of the forces of attraction of the Moon and the Sun through
the modal approach. A viscoelastic solid consisting of an axisymmetric solid core and a
viscoelastic axisymmetric (in anin-deformed state) shell subject to deformation according
to the Kelvin—Voigt model was considered as the Earth model. There are no displacements
on the inner boundary of the shell, and the outer boundary is free. The process of the Earth
deformation is assumed to be considered as quasi-stationary.

Based on the deformation equations derived from the Dalembert-Lagrange variation
principle, approximate expressions for the frequencies of solid-state tides are obtained in the
work. A modal approach is used for this purpose. The author demonstrates that oscillations
will occur only on the forms with 0, 1 and 2 indices. The frequencies of the forced tidal

oscillations of the Earth mantle deformable layer are approximately determined for these
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forms The resulting set of harmonics includes not only the basic tidal harmonics, but the
minor small-scale components with combinational frequencies as well. The results of the
observation variations approximation in gravity acceleration in the city of Membach on a
superconducting SG-gravimeter, built using the developed tidal model are presented as an
example.

The models of tidal deformations of the viscoelastic Earth are employed in the
problems that require a highly accurate description of the gravitational field, such as, in the
problems of the spacecraft orbital motion. Thus, the lunar-solar tides in the of satellites
motion lead to quite noticeable disturbing accelerations. For example, for high-orbit
satellites with an orbit altitude of about 20,000 km (GLONASS, GPS), the disturbing
acceleration is of the order of 2-107° m/s?, and for low-orbit satellites with an orbit altitude

of about 350-400 km (ISS), the acceleration value is already much greater, namely of the
order of 1.5-10""m/s?. For example, neglecting the perturbing acceleration of the order of

2 -10"°m/s*for GLONASS leads to a daily orbital drift of about 2-3 meters.

However, the issues related to the description of tides turn out to be important not
only in the tasks of clarifying coordinate-time and navigation support, but in the tasks of the
tidal evolution of the planets motion and their satellites in celestial mechanics and
astrodynamics.

Keywords: deformations, viscoelastic Earth, tides, gravitational perturbation.
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Beenenue

CymiecTByeT OOJIBIIOE YHCIIO 3a/1ad, BKHBIX JIJII HAYKW U TEXHUKH, B KOTOPBIX
CYIIECTBEHHO BIUSHUE JIe(HOPMHUPYEMOCTH Ha JIBM)KCHHE CHCTEMBI B IIEJIOM U HA00OpOT,
KOTJIa JIBIDKCHHE Tejla B IIEJIOM MrpacT BaXXHYIO POJIb B XapaKTepe Ipoliecca KojieOaHui
nedopmupyemoii cpeabl. O6s1acTh TPUIIOXKEHHH 3aa4 IEPBOTO TUIIA CBA3aHA, HATIPUMED, C
JUHAMUKON KPYMHOrabapuUTHBIX KOCMUYECKUX KOHCTPYKIUNA WIH C 3afa4aMy MPUIUBHON
HBOJIIOIIMU JIBIKEHHUS TUTAHET B HeOecHOM MexaHuke. OHAKO, BOIMPOCHI, CBSI3AHHBIE C
ornucanueM npuinBoB [1-5] oka3pIBatOTCS BaYKHBIMH HE TOJILKO B DBOJTIOIMOHHBIX 33/1a4aXx,
HO M B 3ajadax, TPeOYIOIIMX BBICOKOTOYHOE OIMCAHHE TI'PaBUTAIMOHHOIO mois [6-9],
HanpuMep, B 3aJladax OpOMTaIBHOIO ABMXKCHHS KocMmmueckux ammaparoB [10-12]. K
JIpYroMy THUITYy 3a/lad OTHOCHUTCS 3ajlaya O IMOJIIOCHOM TNpPHWIKBE JePOopMUPYyEMON 3eMiu,
MOJIeJIb KOTOPOTO OKAa3bIBAET CYIIECTBEHHOE BIMSHUE HA WACHTH(PUKAIMIO BO3MYIIECHUN
JBW)KCHUST MTHOBCHHOU ocw Bpanienus 3emiu [1, 2, 13-18]. Dra 3amaua paccmarpuBaiach
B npeabiaymiei padore [3].

Hedbopmanmm 3emin, OOYCIIOBICHHBIC TIOJIOCHBIM TPHIWBOM, YYUTHIBAIOTCS B

3aJa4€C IIOCTPOCHHA BBICOKOTOYHOI'O IIPOIHO3a Op6I/ITBI KOCMHYCCKOI'o alirapara, T.K. B
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ATOM Clydyae B YPaBHEHHSIX JBIKCHHUS CITyTHHKA HEOOXOAMM YUYET PAa3IUYHBIX MaJbIX
Bo3MyInarommx ¢akropoB. Kak ormeuanocs B paborax [11, 19], BiusHue Bapuanui
HEHTPOOEKHBIX MOMEHTOB HMHEPIIMH H3-3a CMEIICHHUsS TONI0CcCa Ha JABMKCHUE CITyTHHKA
HEBEJIMKO M INPHUBOAMT K BO3MyIIaiomeMy yckopeHuto mnopsgka 101 wm/c?  nna
BBICOKOOPOMTANIbHBIX CIIYTHUKOB € BbICOTOM opOuThl 0koj0 20000 km (IJTOHACC, GPS)
v nopsaka 2 -107° m/c? 11st HU3KOOPOUTANBHBIX CIYTHUKOB C BBICOTOH OpOUTHI 0K0J10 350-

400xm (MKC). Onnako, B OT/IMUKE OT MaJIOrO BIUSHUS MOJIOCHOTO MPUIIMBA Ha OpOUTY

CITyTHUKOB JIYHHO-COJIHEUHBIE TIPUJIMBHI YK€ MPUBOJAT K CYIIECTBEHHO 00Jiee 3aMETHBIM
BO3MYIIAIOMINM YCKOpEHHsM -Tiopsaaka 2 -107° m/c? 11 BEICOKOOPOUTATBHBIX CITYTHHUKOB

¢ BeicoToit opouThl okoso 20000 km (I'JIOHACC, GPS) u nmopsiaka 1.5-107" wm/c? mis

HU3KOOPOUTAIILHBIX CITYTHUKOB C BBICOTON opouThl 0KoJi0 350-400xkM (MKC). Hanmpumep,

HEeydeT BO3MYIIAIOMIEro yckoperus mopsanka 2-107° m/c? qna TJIOHACC npuBomuT K
CYTOYHOMY yXOJy OpOUTHI 0K0JIO 2-3 MeTpoB[12].

B nannoi pabote nzydaercs 3aaya o qeopManusx BI3KOYIpPyroro cios 3eMITu 1moJT
nerictBueM cwil nputskeHus JIynsl u CoJiHIIAa C MOMOIIBIO MOJAIBHOTO Tojaxoaa. Ha
OCHOBE ypaBHEHHH nedopManuii MOJy4eHBbl MPUOIMKEHHBIC BBIPAKECHHS NI YacTOT

MPWIUBHBIX JePOPMAIIUA.

ITocTanoBKa 3agaun
B nannoii nocranoBke 3a1aun JIyna u ConHIile pacCMaTpUBarOTCS Kak MaTe€pPUAIbHbIC

TOYKH, 3emMlisi — Kak TCJI0, COCTOAIMCC K3 OCCCUHMMCTPHYHOIO TBCPAOro AApa H
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BSI3KOYIIPYrol 000JI0ukH, momuuHstomieiics moxenu KenpBuna — @oiirra[20, 21].
OO6osiouka TpeanoaraeTcs 0CeCUMMETpUYHON (B HeaeopMUpPOBAaHHOM cocTosiHuM). Ha
BHYTPEHHEW TpaHuIle OOOJOYKH TMEpeMEIICHUs OTCYTCTBYIOT, a BHEIIHSSA TIpaHUIlQ

cBoOonHa. [Ipenmomaraercs, uyto mnponecc aAedopmanuii 3emMiIdM MOXXHO CUMUTATh
KBa3UCTAIMOHAPHBIM. Hauano mnepmuansroii cuctemsr koopauaar O&E,E, momemaercs B
npuTsaruBaroniui neHTp (ConHile), ¢ IeHTpoM Macc cucteMbl 3emiis-JIyna CeBsizbiBaeM ocu
KéunraCEEE,. C aapom 3emn xkectko crssbiBarotcss  ocu C X X,X,, Hanpapnenubie 1o
TJIABHBIM IIEHTPAJIbHBIM OCSM HWHEPIIUHU TUTAHETHI B HEAe(OPMHUPOBAHHOM COCTOSHHH, a

Takke NpuHUMaercsa, 4ro touka C, coBmamaer ¢ ILEHTPOM Macc 3eMIM B

HeneopmupoBanHoM coctosuuu. Jlanee, mycts R, = RIR.,R. = p(1+ecosv)™- pamuyc-

Bextop Henrpa Macc C, RY -emunnunbiii BekTop 1eHTpa Macce C;pue —(poKaIbHbIi TapaMeTp

M SKCIICHTPUCHUTET OPOWTHLV - UCTHHHAS aHOMAJMSA. AHAJOTHMYHO MPEICTABUM BEKTOD

R,, =—R’, = R’- or JIyus! k 3emne, npuuem R, = p,(L+€,cos1,)™, W, =V, + @, a Takxke
sinw, cosQ, —sinw, sin €, cosi,

R’ =| cosw,sinQ, —sinw, cosQ, cosi, |,
sinw, sini,

r7Ic BBEJCHBI 0003HAYCHUS W-apTyMEHT IIHPOTHI,I-HAKIIOHCHUE OPOWTHI IIEHTpa Macc

3emmn u JlyHbl, ()-monroTra BOCXOJSIIETO Y374, ®-yTIOBOE PACCTOSHHE MEPHUIIEHTPA OT

y31ma opOMTHI IeHTpa MacccucTeMmbl 3emms-JIyna, W, |, @ -te e BenwumuBl HO JUIA



0 o
op6urs! JIyasl, R), -euununbiii Bektop oT 3emin k Jlyne, R, -nmunasexropa ot 3emu k
Jlyne.

[ToTeHIIMANBHYIO SHEPTUIO 3eMJTH PEACTaBUM B Bujae [21]:

=TI, +I1,,,

—f ™ p dx
J[(O'R,+O7'R +r+u)]"*

I1 =

— I i, dx.
s [(O7'R,, +r+u)’1”?

IT,, =

rne Il -norennumanbhas sueprus B rpaButaionHoM nosie Comnia, 1, - moreHuansHast
AHEPrus B rpaBUTAIMOHHOM ToJie JIyHbl, € - 00nacTh, 3aHUMaeMas HeieOopMUPOBAHHON

3emmneit B ocax CXX,X;, M — macca Comnma, M- macca 3emmu, M, - macca JIyHsI, U —

-1
YIPYroe nepeMeIeHne YacTrI 000I04KK 3eMiid, I — paaunyc-Bektop yactur 3emun, O (1)
- MaTpUIla Tepexoaa OT WHEPIUATbHOW CHUCTEMBI KOOPJAWHAT C HA4yajioOM B IICHTPE Macc

3emin, k cucteme koopauHaT C X X,X;, jeCTKO CBA3aHHON ¢ TBEpABIM SAPOM. Matpuia

1
O™ (t) onpenensercss BEIpaXKEHHEM

O(t) =TI,

rac
cosy -—siny O 1 O 0 cosp -—sing 0
[=|siny cosy Of I',=/0 cosd -sin@| I';=|sing cose O],
0 0 1 0 sing cosd 0 0 1



npudeM ¢, y, 0 — yrael Diinepa. [, [,,I'; -MaTpuIbInIockux moBOPOTOB Ha COOTBETCTBYIOIIHE

yribl. Toraa
O '(t)=I;T, T,

YPaBHeHI/IH, onpcaAcCIArOIINC I[C(I)OpMaL[I/II/I MOJTYYAKOTCA M3 BAPUAIIUMOHHOI'O IIPUHIUIIA

Hanam6epa — Jlarpanxa:

I(O_lﬁc +O7'R + Ui+ ex (r+u)+wx(wx (r+u) + 20 x i) pSudx + 1)
Q

+(VE[u],ou) + (VD[u],ou) + (VII[u],6u) =0
31ech @WE—BEKTOPHI YIJIOBOW CKOPOCTH M yCKopeHus, cootBeTctBenno, E[u] -
GyHKIMOHAT SHepruu ymnpyrux aedopmanumii, D[u]= ybE[U] - nuccunaTuBHbIi

(G yHKIIMOHAT.

YpasHenus nedpopmanuii

B cootBeTCcTBUM C MOJAJIbHBIM IIOJAXO0I0M Pa3JI0KHUM BEKTOP UB pAd IO COOCTBEHHBIM

dbopmam KoJieOaHUIA:

% 2
U(r,t) = Z [qkm (t)vkm + pkm (t)ka]’ ( )

k,m=0

IJIc OpPTOHOPMHPOBAHHBIE COOCTBEHHBIE ()OPMBI HMEIOT BH [21]:

V, = (U, sinke,V, coskp, W, sinke),



W, = (U, coske,—V, sinke,W, coske)
B HWJIMHAPUYECKUX KoopaAuHaTax I, ¢, z. Torna B mpoeKUMsAX Ha OCH IEKAPTOBOM CUCTEMBI
KOOpAWHAT HOJ'Iy‘H/IM:
Vi = (U}, Sinkpcos g -V, coskgsin g,
U, Sinkgsin g +V,, coskgcos oW, sinke)
W, = (U, coskpcos g +V,, sinkesin g,
U, COskgsin g —V,, sinkpcos o, W, . coske)

Beibupas ou=V; nmou=W;, u noxcrasnss B (2) nomydum OECKOHEUHYIO CHCTEMY

OOBIKHOBEHHBIX TH((DHEepEeHIINATBHBIX YPAaBHEHUH 1JIs1 MOJTIBHBIX TIepeMeHHBIX (,, 1 Py,

. YUuThIBasi, 4TO HAJTMYKE BSI3KOTO TPEHUS MPUBOJMT K 3aTyXaHUIO CBOOOTHBIX KOeOaHU
3emiid, TPUMEHUM KBa3UCTAIMOHAPHBIA TOJAXOJ, TO €CTb OyIeM YYHUTHIBATh TOJIBKO
BBIHYKJIeHHBIE KosieOaHus. KpoMe TOro, orOpocMM HWHEPIMOHHBIC Cllaraembie, a TaKkKe

MaJlble YWICHBI, 00YCIOBJICHHBIC KOPHOJIHUCOBBIM ycKopeHHeM. [Tomyunm
Vil + 20V7 G + 2| (@ ¥,y Ypx + (VT V) + (VI V) =0 (3)
Vi Bin + 20V P + 2 (0%, Wi, Yodx + (VI Wy, ) + (VT W, ) =0
rIne v, -9acToTta Koinebanuit Ha ¢popmax ¢ unaekcamu Kj,b-koaddumment B popmyne.llpu

MOJIYYCHUH YpaBHEHUH (3) UCITOIB30BATUCH (DOPMYITHI:



(VE 'Vkm) = szmqkm '

(VD’Vkm) = vakzmqkm ’

Jlanee, 3aMe€THUM, 4TO

(VE’ka) = Vk2m pkm ’

(VD,W, )= ybvi P,

IVHdudx = J'VHS5udx + IVHMéudx,
Q Q Q

U PaA3IOKUM TPAAUCHTBI TPABUTAIIMOHHBIX IIOTCHIMAJIOB B PAAbI, BOCIIOJB30BABUINCH

MaJIbIM IMaApaMCETPOM g, IIPCAIIoJarasa BbIIIOJIHCHUC CIICAYIOIINX COOTHOIICHUM

omaxr] ful

€

s &,
R, “max|r| R,

&,

TOF,ZI& OIpaHNYNBAasACH YICHAMU HE BBILIC €, MOJYUYHM .

(VI,,.6u) = fm,oR;? [(O R® +
Q

21

AHaJ'IOFI/I‘-IHO, HCIIOJIB3Ys COOTHOIICHUA

R_.r

BBIBEJIEM

(VI,,6u)~ fMpR? | {ole +
Q

Jlamee, BBeieM 0003HAUCHUS

—--30"R)OR’,

oRa,
RC
-1
OR, 201Rg(
C

ROR1

C

R,

' ))ou dx.
1

e

(4)

()

(6)

(7)

10



71 K
O_1R10=O_1R31= 75 |, O_lez K, |.

73 K3
R? = (R cosw, R.sinw, 0)'

BoruncnuM, ucnons3ys BBeJEHHbIE 0003HaueHus, BbipaxeHus (5) u (7). Has dopm ¢

uHjekcamu 0m Gynem uMeTh:

-V, sina
fm, pR;; [ O R%SV,,dx= fm,pR;? [(7172.73)| VomCosa |dx=0,
Q Q 0
U,,cosa
-1
fm, pR;; [O R36W,,0x = M, oR;7 [ (71,7,73)| UgnSiner |dx =
Q Q W
= fmsz2_1273J‘W0de’
= fmszz_lzysAOm - 7/3;10m'
-V, sina
2(A1po )
fM PR [O R25Vy,dx = tM pR? [ (. 56,, 55 )| Vi, COS [dX =0,
Q Q O
U,,Cosa
M pR2[0 R2SW, dx= fM pR2(k;,x,,%,)| U._sine |dx =
c Cc om c 177421723 om
Q
W

om
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= M PR K, W, dx,
= M PR i, Ay, = K5 Ay
s hopm ¢ maaekcamu 1m:
U, sinacosa -V, cosasina
fmszz‘ij_lR;’l&Vlmdx == fmsz;fj(yl,y2,73) U,,sinasina —V,, cosacosa |dx =
o o

W, sina

= fm,pR%y, -ZEJ‘%C{X,
Q

= fmszz_lzyzAlm = 7/2'&1m'

-1 ~ -
fmszZ_fIO R(2)15\/\/1mdx = fmsz21271A1m = 71An-
Q
R -1
M pR.? [0 RESV,,dx=
Q

U, cosacosa +V,, sinasina
= fMpRgzj(Kl,Kz,Ks) U, cosasina -V, sinacosa |dx =
o W, cosa

= fM pRc_zlclJ‘wdx =— )&imlcl.

AHaNOTMYHO BBIYMCIUM OCTaJbHbIE UHTETpaibl B (9) U (7). 3aMeTUM IpH 3TOM, YTO

12



fin,oR? [0 RY, + = ~307R’, (07R?, =-))ou dx =0,
Q

21 R21

Ecimou =V, mmou=W,_.

Takum oOpazom, ypaBHEHUS TPUOOPETYT BUI:

V(?qum + ngqum - _7/3'5bm - E0m:L(7/:L2 + 722)_ E0m27/32’

~

ng Pom * ngm pOm = _KS'S\)m - éOm - éOm - E0m1<7/12 + 7/22)_ E0m27/§ -

—Bomafs (K + 1650, + K5y5) — I§0m-
A = 2 E =e R?
Abm aOmRC ' 0ml Oml" ‘21

~

= bOm Rgsv éOm = b0m1R2_13'

= 4
E0m2 = e0m2R21 , B

Om
Vlzmqlm + Zvlzmqlm = _'Sim72 —Fars— 7273|flm -
—F, i, (K, + 16,7, + K375).
V12m Pim + Zvlzm Pim = _'Bﬁm71 —Fa7s— 7/17/3|Elm -
—Fni (o + 1,7, +K575)-
2 2 =
Vomlom T XVomom = Fom?172-
Vézm Pom + szzm Pom = _Ifzm %(712 - 722) - E0m3K3(71K1 + ¥, K, + V3K3)-

=

_ —4
2m f2m'R21 :

szmqkm + Zvlfmqkm = O’ k>3.

Vk2m Pym +ka2m pkm :O; k>3.
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3ametrum, uto rpaButanus JlyHsl m ConHIIA BBI3BIBAET BBIHYXKICHHBIC TPUINBHBIC
koJsieOanus b Ha popmax ¢ uugekcamu KO, k1, k2, Tak kak B ypaBHeHuUsx ¢ k>3 crpasa
ctout 0, TO eCTh BBIHYX/ICHHBIX KoJieOaHul He OyneT, U MPUCYTCTBYET BA3KOE TPEHUE, TO
€CTh CBOOOJHBIC KOJIEOaHUSI JIOJDKHBI 3aTyXHYTh (YTO COOTBETCTBYET CIIy4alio
KBa3UCTATHKH).
Kpowme Toro, u3BeCTHO, UTO ypaBHEHHUS BUA
szm p + vakzm p = ka

HMCCT PCHICHUC

B 0 B nanpo
p_nz_(;( Z) atn’

-2
TO ecThb Py =V,,F

2
rae p,- peuieHue ypaBHeHUs V,, P, = F, s

mo O -N-4 4acTHas IMpOU3BOaAHAA

not, F, -paBas yacte ypaBHenus. B Hamiem ciydae crpasa OyayT TPUTOHOMETPHUYECKHE
PSIBI C TIOYTH MOCTOSTHHBIMH YacToTaMu. Torja u npuOiIMKeHHbIE PEIIeHUs N-TO MOpsIKa

OyIyT OTIIMYATHCA JIUIIL AMIUIUTYAOW W cABUTOM (asbl oT pemieHus 0-ro mopsiaka, To

Oyznem uckathb auirb pemenue (0 mopsiaka, To ectb P = .

YacTorbl IPUIMBOB

JIns nanpHEMIIMX BBIYMCIEHUW MPUMEM YIOJI Y —YroJl MPELEeCCUd OCH BPAIICHUS
3emMiIi paBHBIM HYJIO, TAK KaK OH MEHSIETCS MEJJIEHHO W Ha 3HAYEHUE YaCTOThI BIUSATH HE

Oyner. Takxe criepBa MOJIOKUM SKCIEHTpUCUTETHI JIyHBI 11 OapHIleHTpa CUCTEMBI 3eMIIsl —

14



Jlyna paBHbIMU HYyI0. Toraa mojiy4um cienyronue KOMOMHAIMK YTJI0B, PU Pa3JIOKEHUN
CMEIIEHUAU Ha OT/IEJIbHbIE TAPMOHUKH:

e Ui ypaBHeHUs ¢ uHaekcamu 0j:
V= 1, v+ o+
-1, =2V, =20, +2Q,, 1 +2v,+20,+2Q,, 1, -2V, -20,+2Q,

To ecTh, cuuTasg yriabl MU3MEHSIOMIMECS PABHOMEPHO, a 3HAYUT pPaBHBIMU
MPOU3BE/ICHUIO YaCTOTBI HA BPEMs TOJydaeM, 4To Konebanus Ha dopme V; IpoMCcXosT
MPUMEPHO C MECAYHOM yacToToM, a Ha hopme Wy ; ¢ yacToTOM NpHMEPHO MONOBUHY MecsIIa,

a TaKXe C YaCTOTOW HAKJIOHEHUS! opOUTHI JIyHBI.
Ecnu B341h GoJiee maible wieHbl (mopsaka skcueHTpucutera JIyHel), To o hopme

W, j 100aBSATCI KOMOMHAIIUH:
—i, —3v, - 20, +2Q,, —i,—V,—2m, +2Q,,
—i, +3v, + 20, + 2Q,, 2i, -3y, —20,, —V, —20,,
2i, +3v, + 20, +1,+V, +20, +2Q,, 2i,+V, + 20,
v, + 20, 2i,—-V,, V,+20, 21, +V,, V.
—i, —3v, — 20, +2Q,, —1, -V, —2m, +2Q,,
—i, +3v, + 20, +2Q,, —i, +V, + 20, +2Q,.

[leproibl TapMOHUK € YKa3aHHBIMU YTJIaMH OJHM3KH OO0 K MECSILy, MO0 K OJHOW TPeTH

MecAana.

Jlanmee uMeeM JUTsl IIEPBOTO YpaBHEHHUS ¢ UHACKcamu 1j:
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o+, -V, —o,+8,, ¢—1,+V,+o, +Q,,

e+, +V,+o, +Q, —0o—V, -, +Q,,

—Q+V, +o, +Q, 0—1, -V, —o, +£,
O+21,+Q, 0—21,+€Q,, 21, -2V, —2m, +Q;
—0+2V, + 20, +Q, —1,, —@+2V, +20, +Q, +1,,
¢+21, +2V, + 20, +Q,, —¢ -2V, - 20, +Q, +1;;

—0—2v,+Q, -1, 021, +2V, +20, +Q,, ¢+2i, -2V, —2m0, +Q,;

Hepnomﬂ IrapMOHHK C YKAa3aHHBIMHU YI'JIaMH OJIM3KHU K CyTKaM.

JI71st BTOpOTO ypaBHEHUS ¢ HHAEKCAMH 1 yriisl cienyronye:
—@—=2V, =20, +Q, —1,, —@+2V, +2m, + 2, —1,,
—@—=2V, 20, +Q, +1;, —@+2V, +2m, +, +1;;
¢0—21, -2V, 20, +Q,, ¢—21, +2V,+2m, +Q,,

o—1,—V,—o,+Q,, ¢+21, -2V, —2m, +Q;
O+21,+2v,+ 20, +Q, —0o—-V, -0, +Q,,
O+, -V, —o,+ Q, 0— 1, +V,+0, +Q;
—p+Vv,+o, +Q, o+1,+V, +to, +Q,, ¢—21, +Q,,
—p+V, 0+V,—Q+V, ¢V,

[lepuoapl rapMOHUK C YKa3aHHBIMH yTIaMU TaKKe OJM3KHU K CYyTKaM.



Ananoruyno s hopmst Vy
—2¢0 -2V, —2m, +2Q,, 20 —21, -2V, - 20, +2Q,,
2042V, + 20, +1,, =21, +2V, +2m, +2Q,,
2¢ + 21, + 2V, + 20, +2Q;
20 +2V, + 20, +2Q,, 2021, +2*Q,,
20+ 21, —2v, =20, +2Q,, 20 +2Q;
20 -2v, —2wm, 2Q,, 2¢0+1, -2V, —2wm,,
20+ 21, +2Q,, 20+2v, + 20, +2Q,, 2¢+1; +2V, +20,;
—20+2Q,, 20+1, -2V, —20;;

Yka3aHHbIC KOM6HH3HHH HMCIOT YacTOTHI OJIM3KHE K IMOJIYyCYTOYHBIM, U CCTb

OJIM3Kas K CyTKaM.
Jns popmbr W :
—20+2Q,, 20+2Q,,
20 —21, +2Q,, 20+ 21, +2Q,,
—20+2Vv, + 20, 2Q;
20+2V, + 20, +2Q,, —2¢-2v,—2m,+2Q,, 20 -2V, —2m, +2€Q;
20 + 21, +2v, + 20, +2Q,, 2¢ 21, + 2V, + 20, + 29,

20 — 21, —2v, —2m, +2Q;

qacToTa
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20+ 21, =2V, =20, +2Q,, 20 +2V, +2m, +1,,
—2¢+1, —2v, —2w,, 20+1, -2V, —20,, — 20 +i, +2V, + 20,.

3nech cuTyanus ananorudsas dpopme V, ;.
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Puc. 1 KonebGanust yckopeHHsI CUITBI TSHKECTHU MO JAHHBIM U3MepeHuitHa SG-rpaBUMETPEB T.
MembOax (benbrus) (muCKpeTHbIE TOYKH) B CPAaBHCHUH C KOJICOAHUSIMH I10 MOJICIH
TBEPIOTENbHBIX MPUWIMBOB C HAWJACHHBIMU YacTOTaMU. AMIUTUTYABI U (pa3bl MPUIMBHBIX

KoJIeOAHUM OTPEICIICHBI C IIOMOIIBIO METOAAa HAUMEHBIITMX KBaIPaTOB.

Ecnu n3BeCTEH BEKTOP NEPEMEIIEHNN, MOXKHO MTOJYYUTh BRIPAXKEHUE JJIs1 BApUALAN

BEKTOpPA YCKOPEHHsI CBOOOIHOTO MajicHUs J :

g= _V_[ 1 ol 2z _J. (Oll?g 0 fngzx
[(O7R;+r+u)’] * [(O"Ry+r)7]
_.[ uf padx . 3J- (O'R, +r)([O'R, + r]u)
: [(071R3 + r)2]3/2 : [(071R3 + r.)2]5/2

Q

(8)

f pdx
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IlepBoe cnaraemoe B (8) COOTBETCTBYET YCKOPEHHIO CBOOOJHOTO MAaJCHHUS OT TOJIS
HeneopMUpoBaHHON 3eMJiTd, a Ba APYTUX OMUCKHIBAIOT BapUallUU YCKOPEHHUSI BCIIECTBHE
nedopmanuii. [loncranoBka B (8) BeipaxkeHust 1l U MO3BOJISAET MOJYYUTh BhIpaKEHUE NS
0 KaK (yHKIIMIO BpEeMEHHU.

Ha puc. 1 npuBomsarcs pesynbTaThl amnmpoOKCUMAIMU HAOMIOJCHUN Bapuaiui
yCKOpeHHsl cuiibl TspkecTH [22] B 1. MemOax ¢ MOMOIIBbIO pa3pabOTaHHON HMPHUIMBHOM
MOJIETIH.
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